Introduction
Herpes simplex keratitis (HSK) is the leading infectious cause of corneal blindness in the Western Hemisphere. The term "herpes" is derived from the Greek word herpein, which means "to creep," and stands for the characteristic creeping of the eruptions caused by the virus. HSK is a multifaceted disease, able to induce some of the most difficult management problems to Ophthalmologists through both immune and infectious mechanisms. In older children and adults, 78% to 98% of cases are due to herpes simplex virus (HSV)-1, 1,2 whereas keratitis in neonates is more likely due to HSV-2. A study by Liesegang et al 3 reported the annual incidence of new cases of ocular HSV at 8.4/100,000 and the annual incidence of all episodes at 20.7/100,000. The prevalence of ocular HSV was reported at 149/ 100,000 population with 12% having bilateral disease.
Recent renewal of the classification of HSK recognizes disease entities as epithelial disease, immune or necrotizing stromal keratitis, neurotrophic keratopathy, and endotheliitis. 4, 5 Epithelial disease can further be subdivided into dendritic, geographic ulcers, and metaherpetic disease. Although HSV can replicate and destroy corneal epithelial cells, permanent vision loss and blindness occurs due to herpetic stromal keratitis. The stromal inflammatory response is thought to be due to replicating virus or the alteration of antigenicity of stromal cells, allowing for recurrent immune-mediated episodes of inflammation.
The cellular infiltrate of the stromal inflammatory response consists of macrophages, lymphocytes, polymorphonuclear cells, and plasma cells. Further analysis of T cells indicates that most of these cells express CD4's, which is typically expressed on T-helper cells. HSK is further characterized by Cowdry type A epithelial intranuclear inclusion bodies, and multinucleated giant cells that can be found in the proximity of Bowman's layer and Descemet's membrane. Long-standing disciform keratitis is further characterized by a granulomatous reaction to Descemet's membrane that includes epithelioid cells and giant cells. Moreover, viral particles can be found in the epithelium or stroma by electron microscopy, both in the nucleus or cytoplasm. However, the virus resides in sensory ganglia, particularly in the trigeminal ganglia, and transmission along axons seems to be a source for recurrent infection.
The most striking feature of HSV is its capability to establish lifelong latency after primary infection. This feature allows HSV to persist unperceived in the host, allowing for periodical reactivation and infectious outbreaks. HSV has developed a multitude of strategies to evade the immune system during the reactivation phase. These strategies are comprised of viral escape that can be achieved through reduction of the viral gene expression during the latency phase; viral resistance through the induction of pro-apoptotic and anti-apoptotic effects on defender cells; and viral counter-attacks through the inhibition of dendritic cell (DC) maturation.
Dendritic Cells
Paul Langerhans discovered a population of DCs in the suprabasal regions of the skin epidermis by impregnating human skin with gold chloride as part of an open competition organized by the Berlin University in 1868. 6 The branched skin cells resembling neuron, as described in his paper, are now referred to as Langerhans cells (LCs), a population of DCs. DCs are sentinel cells of haematopoietic origin that function as professional antigenpresenting cells (APCs). DCs are sparsely but widely distributed and are specialized to capture, process, and present antigens to T cells. The interaction of DCs with naive T cells can lead to immune response or T-cell tolerance, depending on the type of DCs. Since the initial description of DCs by Steinman and Cohn, 7 it has become evident that there are many distinct DC subtypes, each with a particular location and specialized function in the immune system. 8 To date, LCs of the corneal epithelium are the most widely known subtype of DCs to ophthalmologists.
The precursors of DCs are seeded through the blood into non-lymphoid tissues, where they develop to a stage referred to as "immature" DCs. Immature DCs are characterized by a high capacity for antigen capture and processing, but a low T-cell stimulatory capability. Immature DCs have a low to negligible amount of major histocompatibility complex (MHC) class II expression and lack the requisite accessory (costimulatory) signals for T-cell activation. Maturation of DCs that turns them into potent T-cell stimulators, is triggered by pathogens, by viral products, or by stimuli such as proinflammatory cytokines. 9,10 DC maturation leads to a marked increase in the surface expression of MHC class II and costimulatory molecules that are necessary for T-cell activation. 9 
Dendritic Cells and Herpes Simplex Keratitis-Lessons From the Past
In the cornea, the presence of atypical dendritic "non-keratinocyte" cells was noted initially by Engelmann. 11 Constitutive expression of MHC class II antigens was thought to be a characteristic feature of corneal DCs, namely LCs in the peripheral corneal epithelium. [12] [13] [14] [15] [16] [17] [18] Over the last several decades, studies on corneal DCs/LCs, mainly through the use of anti-MHC class II antibodies, had led to the dogma that the central normal cornea is essentially devoid of APCs. 12, 15, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] However, it has been demonstrated that a variety of corneal stimuli (eg, infection, trauma, contact lens wear), including herpes simplex keratitis, [29] [30] [31] [32] [33] [34] [35] can induce nonspecific LC migration into the cornea from the limbus within days. The migration of LCs has been shown to peak between days 10 and 14 after HSV infection and to continue until day 21. 35 Asbell et al further demonstrated the persistance of LCs in the central cornea of experimental animal after the resolution of HSK. 31 The number of MHC class II + LCs present in the central areas of the cornea has been shown to correlate with the degree of corneal damage. 30 The virally induced migration of LCs into the cornea has been shown to precede the development of herptic stromal keratitis. Further, McLeish et al 36 demonstrated that induction of LC migration into the central cornea before HSV-1 infection results in an accelerated and enhanced delayed type hypersensitivity response to HSV-1 antigens, and in an increase in incidence and severity of HSK. 37, 38 Moreover, depletion of DCs in 1 eye through UV-B irradiation, before bilateral HSV-1 infection, reduces the incidence and severity of stromal disease in infected DC-depleted corneas, 32 suggesting a role for DCs in the induction of a T-cell response and in the effector phase of the response within the cornea.
These findings have led to the conclusion that HSV-1 infection results in de novo migration of LCs from the limbus, which in turn might play a role in the immunopathology of HSK though the presentation of antigens to T cells in the infected cornea. It has been proposed that conjunctival LCs are presented with viral antigen, and migrate to the central cornea in response to cytokines expressed by the infected corneal epithelium. 35 The role of T cells in HSK has been established by Metcalf and Kaufman in 1976 , who demonstrated that mice lacking T cells did not develop HSK, concluding that HSK is a T-cell-mediated inflammatory process. 39 T cells regulate the migration of neutrophils into the cornea through production of interleukin-2 and interferon-g. The destruction of corneal tissue is then mediated by these neutrophils that make up to 90% of infiltrating cells in HSK, 40 although the driving force of the chronic inflammation is yet to be determined.
Corneal Dendritic Cells-Recent Updates
Until very recently, the now disproven absence of professional corneal APCs was thought to translate into suppressed antigen presentation to naive T cells, and further thought to be a critical component of corneal immune privilege. 12, 24, 41 This paradigm, however, was recently revised, when studies by Hamrah et al and Liu et al demonstrated that the cornea is indeed endowed with immature resident DCs, including LCs, that undergo maturation after inflammation or transplantation, and are able to migrate to draining lymph nodes. [42] [43] [44] [45] [46] Recent examinations of normal murine corneas have showed that both the peripheral and central areas of the epithelium contain LCs, with the density of these cells decreasing from the limbus (178 LCs/mm 2 ) toward the center (100 LCs/mm 2 ). 43 Although a number of mature LCs are MHC class II + in the periphery, as previously shown, a large population of immature/precursor LCs are present both in the periphery and the center of the epithelium, with the center containing exclusively immature LCs. 43 Further, a recent study of healthy volunteers by in vivo confocal microscopy, has confirmed the presence of LCs in the central human cornea. 47 Additional confirmation comes from studies of human donor corneal buttons by several laboratories with different sets of standard and newer antibodies. 48, 49 Recent examination of the corneal stroma for APCs has also been performed by several laboratories. 42, 46, 50, 51 In the initial studies by Hamrah et al, 42 the presence of significant numbers of stromal DCs in the periphery and center of the anterior stroma was noted. The density of these stromal DCs decreased from the limbus (266 cells/mm 2 ) toward the center of the cornea (135 cells/mm 2 ). Although the stromal periphery contains mature DCs in the normal corneal, the stromal center contains exclusively immature DCs, similar to findings of the highly immature LCs in the epithelium.
Additional evidence for the presence of DCs in the corneal stroma has also been demonstrated by Nakamura et al 51 through the use of bone marrow (BM) transplantation studies. Intravenous transplantation of BM cells from enhanced green fluorescent protein (GFP) transgenic mice was performed into irradiated wild-type mice and the corneas were examined at 4 to 6 months after transplantation by immunohisto-chemistry. Gradual migration of GFP + DCs takes place into the cornea as soon as 2 weeks after transplantation with distribution throughout the entire cornea at 2 to 6 months. In addition, the presence of DCs in the central corneal stroma of humans has now also been confirmed by Yamagami et al 52 and Mayer et al. 48 Similar to MHC class II-negative immature DCs in the murine stroma, most of the DCs in the human stroma were human leukocyte antigen DR-negative. 48 The discovery of resident LCs and DCs in the cornea has led to further studies, investigating phenotypic changes of these cells in inflammation. These experiments have demonstrated that a large number of resident immature epithelial LCs 43 and stromal DCs 46 in the center of the cornea are able to undergo maturation as early as 24 hours after induction of inflammation. Most likely, release of pro-inflammatory cytokines, creates a microenvironment that activates immature DCs. In addition to the resident DC population, DCs are also recruited into the cornea from the limbal area during inflammation. Studies by Dana et al 53, 54 have shown that the cornea is able to express proinflammatory cytokines that are upregulated after inflammation and induce migration of DCs, including LCs, into the cornea; conversely, suppression of these cytokines downmodulated DC/LC migration into the cornea. Finally, resident corneal DCs have the ability to travel to draining lymph nodes and sensitize naive T cells, as recently demonstrated by Liu et al. 45 
A View Into the Future
The role of DCs in HSK has been elusive. This can be contributed to the fact that the central cornea has historically been thought to be devoid of BM-derived cells, including DCs. The discovery of resident immature DCs and LCs, in the central cornea, has led to a surge in interest in corneal DCs and their role in corneal disease. Our recent studies by in vivo confocal microscopy on patients with HSK, have demonstrated a significant increase in the number of DCs, found in close proximity to the subbasal nerve plexus (Fig. 1) . Further, these studies revealed loss of the subbasal nerve plexus, starting immediately after the acute HSV infection, which correlated highly with the loss of corneal sensation in HSK. The evidence that immature resident DCs in the cornea mature as a result of corneal insult and inflammation, leads to the assertion that MHC class II + LCs described in HSK, are not only due to de novo migration of these cells into the corneal center as previously thought, but also, to a large degree, due to maturation of resident DCs. Consequently, the cascade of events leading to herpes simplex keratitis, and the role of DCs in this blinding disease needs to be rethought.
The purported importance of DCs in the pathophysiology of HSK is underlined by several recent findings in cutaneous HSV that deserve further investigation in the cornea. Neumann et al recently demonstrated that HSV is able to downregulate the T-cell response, by interrupting antigen processing. 55 In addition, in vitro studies have shown that HSV-1 infection of immature DCs results in downregulation of costimulatory molecules, adhesion molecules, and MHC class I on DCs, 56 interfering with the recognition of DCs by cytotoxic T cells. Further, HSV-infected DCs secrete lower levels of interleukin-12, mirroring the low maturation stage of these cells and their low stimulatory capacity toward T cells. 57 The initiation of T-cell-mediated responses to HSV-1 infections has been shown to be critically dependent on the presence of antigen-presenting DCs, which present virus-derived antigens and not the virus itself. 58 To evade the host immune response, HSV has been shown to induce apoptosis and the elimination of attacking DCs. In combination with a delayed activation of T cells by HSV-infected suppressed DCs, these mechanisms may enable HSV to replicate for a longer time before effective defense strategies of the host are induced. 59 Moreover, HSV is able to downregulate chemokine (chemotactic cytokine) receptors on mature DCs, inhibiting migration to the draining lymph nodes, and therefore interfering with DC-mediated induction of the antiviral immune response. 60 In conclusion, HSV has developed several strategies to evade the host immune system. HSV takes advantage of the crucial position of DCs in antigen presentation and stimulation of T cell. To effectively prevent serious sequelae of HSK, knowledge of the sophisticated interplay of HSV with DCs is crucial. Further studies are required to determine the molecular mechanisms involved in this interplay. 
